. A Simplified Schematic Diagram of the Helium Cryogenic Cooling System for MICE. Note: The boxes labeled D1 and D2 are detector magnets; the boxes labeled F1, F2 and F3 are focusing magnets; and the boxes labeled C1 and C2 are the coupling solenoids. The absorbers A1, A2 and A3 are shown attached to the focusing magnets. It is assumed that a focusing magnet is in the same cryostat vacuum vessel as the absorber. The physical connection between the absorber and the focusing coil pair is assumed to be through a low thermal conductivity support that limits heat transfer from 18 K to 4 K. The control dewar and its heat exchanger are key elements for successful two-phase cooling of one or more superconducting magnets. Most of the liquid helium in the cooling circuit is in the control dewar. Note: the refrigerator cold box is shown with two expansion engines. There could me more engines, but typical 100 to 200 W refrigerators have two engines as shown. The J-T valve could be replaced by a cold expander, which will increase the cooling of the refrigerator. The diagram above shows the cool down bypasses for the refrigerator, magnets, and absorbers. Figure 1 shows how the superconducting magnets and the absorbers are cooled. The superconducting magnets are shown as being cooled in series. The hydrogen absorbers are cooled in parallel. The cooling for the magnet shields and leads off of the 14 K circuit is shown as being in parallel with the absorber cooling. Figure 1 shows the primary control valves for the cooling system. (They are shown as darkened double triangles.) The control valve between the refrigerator and the control dewar is the J-T valve that produces the two-phase helium needed to cool the magnet string. The control valves that go into each of the absorbers will control the helium flow depending on the temperature of the helium stream leaving the absorber. It should be noted that the temperature of the helium entering the control valve is shown as 14 K. This temperature may have to be higher than 14 K because expansion through the control valve will cause cooling of the helium entering the absorber. The helium gas entering the absorber must be above 13 K, which is the freezing temperature for liquid hydrogen in the absorber. Figure 2 shows the refrigerator cold box, the compressors and the liquid helium control dewar. The use of a control dewar with a heat exchanger (as shown in Figure 2 ) is essential for reliable operation of a two-phase helium cooling circuit. The role of the control dewar and its heat exchanger is to sub-cool the helium entering the magnet string. The advantages of this approach are: 1) The liquid in the control dewar is colder than the two-phase helium mixture coming off of the J-T valve. The heat flow from the two-phase helium to the helium bath in the dewar condenses the helium in the cooling tube and drops its temperature below the saturation temperature for the helium in the heat exchanger tube. The average density of the helium in the tube increases over a factor of three and as a result, the pressure drop in the flow circuit from magnet to magnet is reduced over a factor of two. 2) The control dewar and its heat exchanger has the effect of damping out the pressure oscillations that often occur in two phase flow circuits. This feature extend even to the so called garden oscillation caused by a twophase mixture going up and down through many turns of a tube. Simply put, two-phase flow circuits that do not work without a control dewar and its heat exchanger will usually work when a control dewar is used. In a well-designed two-phase flow cooling system, the control dewar eliminates or greatly reduces pressure oscillations often seen in flow circuits. 3) The control dewar acts as a buffer vessel that can provided additional cooling at times when the heat load exceeds the capacity of the available refrigeration. Up to 1.5 times the rated capacity of the refrigeration capacity can be delivered to the load as long as there is liquid helium in the control dewar. If one does not allow quench gas to vent back through the control dewar, one can use the liquid helium in the control dewar to provide added cooling for the magnets when they are being re-cooled after a quench.
Cooling for the Magnets and the Liquid Hydrogen Absorbers

The Control Dewar for the Two-phase Helium Distribution System
It is proposed that the control dewar be a standard wide neck 500-liter dewar built by a commercial vendor. The neck inside diameter should be at least 100 mm. A 100-mm diameter neck will allow one to install a heat exchanger fabricated from 12.7-mm OD tube. When installed, the heat exchanger would -5-sit in the lower one third of the dewar liquid space. The use of a standard 500-liter storage dewar means that the control dewar can be relatively inexpensive and it can be certified as being safe.
Figure 2 also shows the by-pass that is used when the magnets and the absorbers are being cooled down from room temperature. The by-pass that is shown completely bypasses the cold box. An alternative to this is a by-pass is one that goes into the cold box and allows the return gas to enter the return side of the refrigerator heat exchanger at various points as the return gas is cooled to allow it to enter the refrigerator at that point. The use of by-pass as shown in Figure 2 is a simple way of cooling down any cryogenic system from room temperature to its operating temperature using a refrigerator. Figure 3 shows a schematic representation of the cooling of a coupling magnet or a detector magnet. The magnet coil is cooled using two-phase helium in a pipe attached to the coil support structure. Before the two-phase helium leaves the magnet cryostat, the lower part of the high temperature superconductor leads (HTS) must cooled by the two-phase helium in order to intercept any heat coming down the HTS leads. The use of HTS leads reduces the heat flow into the 4.4 K region. If conventional gas cooled leads were used, helium needed for lead cooling would be drawn off the twophase cooling circuit. In the coupling magnet, 0.1 to 0.12-g s -1 would be drawn off and returned to the compressor at room temperature. As a result, the equivalent 4.4 K refrigeration needed for cooling a single coupling magnet must be increased by about 12 W. The use of HTS leads on the detector magnets will save the equivalent of about 12 W of refrigeration at 4.4 K for each magnet. circulates so that it passes down the absorber walls as it is cooled. The heated hydrogen rises up the center region of the absorber while the cooled hydrogen goes down along the absorber wall. The hydrogen enters the absorber as a gas. It is condensed on the absorber wall to form liquid hydrogen. There should be no need for a liquid fill of the absorber. When the hydrogen is returned to the surge thank, it can return through the same line that is used to fill the absorber. Figure 4 shows a schematic view of how the liquid hydrogen absorber and the focusing solenoid can be cooled from the MICE cryogenic system. It is assumed that the hydrogen in the absorber is cooled by free convection to the walls of the absorber (a separate heat exchanger may be better) that is cooled by helium from the refrigerator that enters the absorber at 14 K. Hydrogen that is in the absorber moves upward because it is less dense. The hydrogen moving upward is replaced by cooler more dense hydrogen that is moving down the walls of the absorber body (or a separate heat exchanger). The absorber body walls forms a counter-flow heat exchanger where heat is transferred from the helium flowing in tubes attached to the wall to the liquid hydrogen flowing down the walls of the absorber.
Cooling of the Liquid Hydrogen Absorber
The helium that enters the absorber at 14 K must be split into two streams that flow from the bottom of the absorber to the top of the absorber. If the helium enters the absorber at 14 K and leaves the absorber at 18 K about 0.05-g s -1 of helium flow is needed for each watt of heat removed from the liquid hydrogen. The required helium mass flow in inversely proportional to the temperature difference between the helium inlet and out let. For an absorber with 80 W of heating and helium gas entering at 14 K and exiting at 18 K, the helium flow through the absorber body is about 4 g s -1
. Since the liquid hydrogen in the absorber must always be kept sub-cooled, in order to avoid boiling, the maximum allowable absorber temperature is 20 to 22 K depending on maximum allowable pressure on the absorber windows. The temperature difference that drives the free convection and the heat transfer from the liquid hydrogen to the helium from the refrigerator can be no more than 8 K. In reality, this temperature difference is less than half of that value. The design of the free convection flow circuit and the heat exchanger that exchanges the heat from the hydrogen in the absorber to the helium flowing through the absorber is very important. This will be the topic of a different design note.
The cooling circuit shown in Figure 4 reflects the need for counter flow heat exchanger from the hydrogen in the absorber to the helium flowing through tubes in the body of the absorber. Figure 4 shows that the helium must enter the absorber body from the bottom; it must exit the absorber body from the top. The hydrogen that is in the absorber is just liquid in a flask. Liquid hydrogen does not have to be transferred to the absorber. The liquid can be condensed from hydrogen gas that enters the absorber through a fill tube. The hydrogen can be drained from absorber rapidly by opening a valve that allows the liquid hydrogen in the absorber to expand into an evacuated tank. This type of safety system has been used for hydrogen bubble chambers with large volumes of liquid hydrogen. A hydrogen absorber with 380-mm diameter windows would have a total liquid hydrogen volume of about 38 liters. The volume of the evacuated tank needed for the hydrogen from three absorbers would be about 100 m 3 .
The heat leak from the absorber body to the focusing solenoid depends on how the absorber body is supported. If one supports the absorber from room temperature the heat leak to the magnet is small. If one supports the absorber body directly to the magnet coil support structure, the heat leak will be small even when on considers the possible de-centering forces that might occur on the absorber during a focusing magnet quench. From 22 K to 4 K, the thermal conductivity integral of G-10 is about 2 W m -1 . Large magnetic forces (say 100 tons) can be carried with heat rates from the absorber body to the magnet support structure that are less than 0.2 W to the 4 K region.
If liquid helium were used in the absorber instead of liquid hydrogen, the absorber body would be cooled using two phase helium at 4.4 K. The absorber would be filled with helium at 2 bar (just below the critical pressure for helium). The driving temperature difference for natural convection cooling would be about 0.6 K instead of the 5 to 6 K for the absorber when it is filled with hydrogen. The maximum allowable heat flow into the absorber fluid drops from 150 W to about 15 W. The heat conducted into the absorber body from the outer windows and the connection to room temperature will be the same as it is for the hydrogen absorber (about 33 W per absorber). This heat must be transferred to the two-phase helium directly without passing into the absorber fluid. The maximum cooling to three absorbers that operate with liquid helium instead of liquid hydrogen is about 140 W at 4.4K. This heat load is about half of the heat flow into the 14 K helium used to cool the hydrogen absorber.
Cooling the Scintillating Fiber Detectors
The detectors that detect the photons from the scintillating fibers that are in the NICE detectors operate at a temperature between 5.0 and 5.9 K. The D0 experiment at Fermilab used similar detectors, which are cooled by a liquid helium bath. A liquid nitrogen cooling stage intercepts heat that comes down the fibers. The maximum number of channels for MICE is about half the number of channels in the D0 experiment. The D0 experiment at Fermilab uses 200 to 300 W of cooling at 4.4 K plus about 2 kW of cooling at liquid nitrogen temperature. The maximum heat load to the MICE detector cooling is about 150 W at 4.4 K plus 1000 W at 80 K.
The actual heat load to the MICE scintillating fiber detectors could be much lower than to 150 W quoted in the previous paragraph. At least two factors will influence the heat load. The first is the number of scintillating fiber channels needed to overcome the background noise due to the dark currents and x-rays from the RF cavities. The number of channels entering the detector is also influenced by how these channels are multiplexed before entering the scintillating fiber light detector. There is at least one scenario that suggests that the number of fiber channel that need to be cooled might be one or two percent of the number of channels entering the D0 scintillating fiber light detector. In this scenario, one or two cryocoolers could produce cooling at 5.5 K and 60 K to cool the detectors and intercept heat coming down the fibers. If a TPG is used as a MICE detector, there should be no need for cryogenic refrigeration. Table 1 shows the worst case projected heat loads at 4.4 K, the heat loads at 14 to 18 K and the 14 K helium mass flow needed to cool the magnet shields and the upper gas-cooled electrical leads. The table also includes the liquid nitrogen flow needed to intercept heat flowing down the scintillating fibers into the scintillating fiber light detector. From the calculated heat loads, one can determine the equivalent refrigeration at 4.4 K needed to cool MICE. This permits one to determine the size of the refrigerator needed for MICE and the input power and water cooling that is needed to provide the refrigeration for MICE. The calculated refrigeration load for MICE is about 190 W at 4.4 K (including the heat load to the scintillating fiber light detectors), plus 290 W from 14 to 18 K plus 0.66 grams per second of helium gas taken from the cold box at 14 K and returned to the compressor intake at 293 K. This refrigeration is equivalent to about 307 W at 4.4 K. In order to allow for errors and additional margin, a 420 W 4.4 K helium refrigerator should be installed. This means that the installed power needed to power the MICE refrigeration system should be about 300 kW.
Calculated Heat Loads and the Size of the Helium Refrigerator
If liquid helium is used in the absorbers instead of liquid hydrogen, the required helium refrigeration plant capacity will go up from 307 W to about 360 W. One may want to increase the size of the cold box from 420 W at 4.4 K to about 450 W at 4.4 K to allow one to operate the MICE absorbers with liquid helium in place of liquid hydrogen. Since most of the power that goes into the compressor is extracted as heat, the required cooling capacity for the compressors will equal the installed power for the refrigeration system.
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Cost Estimate for the MICE Refrigeration
The MICE refrigerator is sized between 420 and 450 W at 4.5 K. The costs for a number of different refrigerators is given in Figure 5 below [1] . Using the cost equation given in Figure 5 , one comes up with an estimated MICE refrigerator cost of about 1.1-M$. This cost includes, the refrigerator cold box, the compressor station, the helium recovery system, and the refrigerator control system. An addition 450 k$ must be spent to provide the transfer lines and control cryostat for the experiment. 
